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An N-type thermoelectric recycled carbon ﬁbre sheet with bismuth telluride coating has been
successfully synthesised through an electro-deposition technique. The Seebeck coefﬁcient and electrical
properties of the combined recycled carbon ﬁbre sheet and bismuth telluride ﬁlms are reported.
Classiﬁcation of the crystal structure, surface morphology and the elemental composition of the
resulting deposits are methodically characterised by XRD, SEM and EDX. Cyclic voltammetry is also
carried out in nitric acid solutions to investigate the right range of deposition potential. The synthesis
N-type thermoelectric sheet has a highest attainable Seebeck coefﬁcient of 54 mV K1 and an
electrical resistivity of 8.9105Om. The results show slight differences in morphologies and
thermoelectric properties for the ﬁlms deposited at varying deposition potential. The increase in
thermoelectrical properties of the recycled carbon ﬁbre is in line with the development of using coated
recycled ﬁbre for thermoelectrical applications.
& 2012 Elsevier Inc. Open access under CC BY license.1. Introduction
Since the advent of carbon ﬁbres in the late 20th century,
carbon ﬁbres have found increasing usage in the aerospace and
sport goods industries. The rising increase in composite usage has
caused an end-of-life concern. With the current Landﬁll Directive
(1999/31/EC) by the European Union applied in 1999, it has
effectively restricted composite waste to be disposed of as a
chemical waste. Hence recycling composites and reclamation of
ﬁbres would not only save disposal cost, but give an outlet for the
ﬁbres to be reused for existing and new applications.
The recycling of carbon ﬁbre composites poses a challenge
where a thermosetting resin matrix is used, causing it to be
irreversible once cross-linked. With recent developments, carbon
ﬁbre composites can now be recycled through various methods
such as ﬂuidised bed [1,2], pyrolysis [3] and the use of super-
critical ﬂuids [4,5]. Many current routes to reuse the recycled
carbon ﬁbres mainly focus on its mechanical properties while
recycled carbon ﬁbres are also found to be a suitable candidate as
an electromagnetic interference shielding material [6]. In order to
ensure a close recycling loop, ways to reuse the recycled ﬁbres
need to be explored.
Not much attention has been paid to carbon ﬁbre’s electrical
properties, in fact carbon ﬁbre has low electrical resistivity and is.uk (S.J. Pickering).
 license.easy to tamper with its Seebeck coefﬁcient [7–11]. This paves the
way to utilise recycled carbon ﬁbres in combination with thermo-
electric coatings as a ﬂexible thermoelectric material.
In order to achieve an optimal performance for thermoelectric
applications, an efﬁcient thermoelectric material is required. The
quality performance of a thermoelectric material can be mea-
sured through a parameter called the ﬁgure of merit [11]
zT ¼ Ta2=rk ð1Þ
where r is the electrical resistivity; k is the thermal conductivity;
T is the temperature and a is the Seebeck coefﬁcient of the
material. Bismuth telluride, Bi2Te3 is well known to possess a very
high ﬁgure of merit at room temperature. Hence it is one of the
most used thermoelectric materials in the market. Various meth-
ods such as sputtering [12], chemical vapour deposition (CVD)
[13], evaporation [14,15] and electro-depostion [16–18] techni-
ques have been developed for the synthesis of bismuth telluride
thin ﬁlms. The latter however tends to provide a cost-effective
alternative and it is also relatively easy to control. Bismuth
telluride has been successfully synthesised using present elec-
tro-deposition techniques by Kobayashi [19] and achieved a
maximum Seebeck coefﬁcient of around 250 mV K1.
Many researchers have also used a nitric acid–based bath with
metal substrates such as nickel, silver, platinum and titanium [20]
for synthesis. However none have reported the thermoelectrical
properties for the combination of both the thin ﬁlm and substrate.
In this particular case, recycled carbon ﬁbre was used as a work-
ing electrode/substrate as it is naturally conductive, strong and
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ﬁbre sheets can be reused with minimal parasitic additions while
preserving its own good properties and improving its thermo-
electrical properties with the combination of the thermoelectric
ﬁlm. This is in line with the development of a ﬂexible cooling
fabric where the combination of both the recycled carbon ﬁbre and
bismuth telluride would yield an efﬁcient yet ﬂexible thermo-
electric material.
The use of electro-deposition is also ideal as the creation of
P and N-type materials could be easily tailored by controlling the
deposition potential. The P and N-type semiconductor nature of
bismuth telluride relies heavily on the composition where a
bismuth rich type usually yields a P-type material while a
tellurium rich compound yields an N-type material [21]. The
present work focuses on synthesising a novel and efﬁcient
thermoelectric material using recycled carbon ﬁbre as a substrate
while paying attention to the electrochemical synthesising pro-
cess of Bi2Te3 on the recycled carbon ﬁbre. The classiﬁcation of
the crystal structure, surface morphology and the elemental
composition of the resulting deposits are methodically charac-
terised by X-ray diffraction (XRD), Scanning electron microscope
(SEM) and energy dispersive X-ray (EDX) correspondingly.2. Methodology
2.1. Materials
The carbon ﬁbre used in the experiments is in the form of T-
800s PAN-based recycled carbon ﬁbre provided by the Recycled
Carbon Fibre Limited (RCF) Coseley, UK. The ﬁbre had a diameter
of 5 mm, speciﬁc density of 1.8, tensile strength and Young
modulus of 5.88 GPa and 294 GPa respectively [22]. The ﬁbre
was recycled from a toughened epoxy composite scrap through a
pyrolysis process. The recycled carbon ﬁbre was then manufac-
tured into a sheet using a standard wet papermaking method.
2.2. Electrochemical experiments
Bi2Te3 ﬁlms were electrodeposited on a recycled carbon ﬁbre
sheet from an aqueous nitric acid bath containing 8 mM of Bi3þ
and 10 mM of HTeO2
þ . The ions were formed using bismuth (III)Working electrode (Recycled
carbon fibre sheet)  
V
Potentiosta
Fig. 1. Standard three cenitrate pentahydrate, BiN3O9 5H2O and tellurium oxide, TeO2, both
of them were obtained from Sigma Aldrich. All the electrochemical
experiments were conducted using a potentiotstat (VersaStat-3,
Princeton Applied Research) at room temperature. A standard 3-cell
electrode conﬁguration was used with the combination of a poten-
tiostat in order to accurately control the deposition voltage. The
reference electrode was a silver/silver chloride ﬁlled with 1 M of KCl
and the counter electrode is a platinum rod. Fig. 1 shows the
schematic of the experimental setup. The working electrode consists
of a recycled carbon ﬁbre sheet with a dimension of 1.5 cm by 3 cm.
Constant agitation was provided during the uniform voltage deposi-
tion stage onto the substrate. Cyclic voltammograms were also
performed in an unstirred solution using the similar potentiostat at
a scan rate of 10 mV s1.
2.3. Seebeck coefﬁcient measurements
The Seebeck coefﬁcient or thermopower, a is an intrinsic
property of a material which is related to the material’s electronic
structure, and independent of its geometry [23]. The Seebeck
coefﬁcient of the recycled carbon ﬁbre sheet was measured
through Eq. (2). This method requires the pre-requisite knowl-
edge of the reference material’s absolute thermoelectric power
due to its relative measurements,
aAB ¼
DV
DT
¼ ðVHVLÞðTHTLÞ
ð2Þ
where aAB¼abaA is the measured value which includes the
sample contribution aA and the reference contribution ab [23].
Therefore the absolute Seebeck coefﬁcient of the sample can
becomputed as aA¼abaAB. It is easy to get a mistaken sign of
(7) of the absolute Seebeck coefﬁcient values where usually the
sample’s Seebeck coefﬁcient is the opposite sign of the measured
value [24]. Appropriate care must be exercised when conducting
and interpreting the measurements.
The measurements of the Bi2Te3 coated recycled T-800s carbon
ﬁbre sheet’s Seebeck coefﬁcient were conducted by applying a
conducting silver epoxy adhesive on the two ends of the sheet onto
the copper foil. A copper wire is then soldered to each ends of the
copper foils to measure the potential difference. K-type thermo-
couples were used for measuring the hot and cold ends of the
copper foil. One side of the sheet was exposed to the hot plate thusI
Reference electrode
(Ag/AgCl) 
Counter electrode
(Platinum rod) 
t
Electrolyte
ll electrode set up.
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erature. The gradient of DV/DT is used in order to calculate the
absolute Seebeck coefﬁcient using Eq. (2). The measurements are
repeated 5 times to get an average value. The test was conducted
with an average measuring temperature of 40 1C. All potential and
temperature readings were measured at the same point as indicated
in [25]. Fig. 2 shows the experimental setup of the Seebeck co-
efﬁcient test in the laboratory. The setup was similar to the methods
in [9,26].
2.4. Electrical resistivity measurement
The electrical resistivity of the recycled carbon ﬁbre sheets
were measured using a Jandel Universal Probe with a RM3-AR
test unit. The four point probe relies on measuring the voltage
and current across the material with the probes equally spaced
at 1 mm for this particular setup. Appropriate corrections were
used according to the thickness to probe spacing ratio. Assuming
inﬁnite plane sample of ﬁnite thickness, the recycled carbon ﬁbre
sheets electrical resistivity was calculated. The thickness of the
sheet was measured separately according to the ISO 534:2005
standard.
2.5. X-ray diffraction (XRD)
Phase and composition analysis were carried out with a
PANalytical-X’Pert powder X-ray diffraction unit with a standard
scintillation detector using CuKa radiation (l¼1.542 A). The
thermoelectric substrates were cut into a small sample size and
then transformed into ﬁne powder form using a standard mortar
and pestle tool.
2.6. SEM and EDX analysis
The substrates were cut into small pieces and then mounted on a
sticky carbon layer. The scanned electron images were taken using
the JEOL 6400 microscope. Since the recycled carbon ﬁbre sheets are
conductive in nature, therefore no further sample preparation is
needed. Energy dispersive X-ray was also conducted in order to
determine the bismuth and tellurium composition on the substrate.
The acceleration voltage of 10 kV was used for all the measurements.3. Results and discussion
3.1. Cyclic voltammetry
The motivation behind using cyclic voltammetry analysis was
to ﬁnd the appropriate deposition potential range which will
ultimately affect the depositing substrate’s composition. The cyclic Copper sheet
Carbon
fibre sheet
TH
Heat
TLVoltmeter
Fig. 2. Experimental setup for the Seebeck coefﬁcient measurements.voltammetry graph in Fig. 3 shows the analysis using a bath con-
centration of 8 mM Bi3þ and 10mM HTeO2þ . From Fig. 3, two
distinctive reduction peaks can be clearly seen at 0.02 V and 0.06 V.
The ﬁrst peak corresponds to a reduction in tellurium while the
second relates to a bismuth reduction.
The equation for the fundamental formation of bismuth tell-
uride through electrodeposition is [27]
3HTeOþ2 þ2Bi3þ þ9Hþ þ18e-Bi2Te3þ6H2O E0 ¼ 0:483 Vvs:NHE
ð3Þ
The main usage of the nitric acid is to complex the solution
so that both the bismuth and tellurium ions would coexist at
the same depositing potential [28]. The investigated deposition
potential range for the formation of bismuth telluride was from
0.1 to 0.4 V.
3.2. Seebeck coefﬁcient and electrical resistivity results
The Seebeck coefﬁcient of the substrates which were electro-
deposited at different potential based on the cyclic voltammetry
analysis was shown in Fig. 4. An N-type material was formed
using the speciﬁed bath concentration. From Fig. 4, the Seebeck
coefﬁcient values increase with a negative shift, while reaching
the largest Seebeck coefﬁcient of about 54 mV K1 at 0.2 V.
The Seebeck coefﬁcient of the substrate would then decrease
subsequently with a negative shift of potential. The N-type nature
of the substrates depends largely on the chemical composition of
the depositing ﬁlms where it could be controlled using the right
chemical molarity and depositing potential. Fig. 5 shows the
effects of varying deposition potential on substrate’s electrical
resistivity. The electrical resistivity of the combined substrates on
the other hand actually increases as the deposition potential reaches
the optimum threshold from 0.1 V to 0.2 V. It however starts to
decrease rapidly once the deposition potential increases past the
deposition threshold. This is not surprising since the electron
concentration is proportional to the material electrical conductivity
while it varies inversely for the Seebeck coefﬁcient. The lowest
electrical resistivity value, 2.95105Om was obtained at the
deposition potential of 0.131 V. The coating of bismuth telluride
ﬁlms onto to the recycled carbon ﬁbre sheet managed to further
decrease the sheet’s electrical resistivity with its original resistivity
at 4.6104Om. From both Figs. 4 and 5, the absolute value of the
Seebeck coefﬁcient increases from 0.1 to 0.2 V while the elec-
trical resistivity did decrease slightly from 0.1 to 0.131, while
the resistivity values increases from 0.131 onwards. Even though
there was some decrease in electrical resistivity from 0.1 V to
0.131 V, it is only a small amount (8% difference), which might be
attributed to the almost stoichiometric formation (Bi2Te2.8) of
bismuth telluride.
Table 1 shows the properties of T-800s recycled carbon ﬁbre
sheets. With the combination of bismuth telluride compound, an
increase of up to 47 mV K1 was observed while still preserving its
N-type behaviour. This is expected as an addition of a higher
Seebeck coefﬁcient material (Bi2Te3) would result in an overall
composite gain. The electrical conductivity of the total composite
was also greatly increased with the presence of a much higher
electrical conductivity material (Bi2Te3). This is also expected with
the rule of mixture prevailing in this scenario. Overall, both the
electrical conductivity and Seebeck coefﬁcient managed to increase
with the addition of bismuth telluride through electrodeposition.
3.2.1. Deposition potential effects on seebeck coefﬁcient and
electrical properties
The electrical conductivity and Seebeck coefﬁcient ﬂuctuates
with the deposition potential due to the big differences in the
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Fig. 4. Effects of varying deposition potential on the BixTey coated recycled carbon
ﬁbre sheet’s Seebeck coefﬁcient at a bath concentration of 8 mM Bi3þ and 10 mM
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Fig. 5. Effects of varying deposition potential on the BixTey coated recycled carbon
ﬁbre sheet’s electrical conductivity at a bath concentration of 8 mM Bi3þ and
10 mM HTeO2
þ .
Table 1
Un-tampered T-800s recycled carbon ﬁbre sheet
properties.
T800s-Recycled carbon ﬁbre sheet
Seebeck coefﬁcient 6.16 mV/K
Electrical conductivity 4.33E04 Om
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Fig. 3. Cyclic voltammogram with the recycled carbon ﬁbre as a working electrode in a bath concentration of 8 mM Bi3þ and 10 mM HTeO2
þ at a scanning rate of 10 mV/s.
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combination of both bismuth and tellurium reduction determines
the carrier concentration which subsequently determines the
compound’s electrical conductivity and Seebeck coefﬁcient. As
the depositing potential gets closer to Bi2Te3 reduction potential
(Eq. (3)), It yields a more stochiometric compound hence produ-
cing better thermoelectric properties. This was demonstrated in
Section 3.2.2 whereby the deposition potential of 0.131 V yields
the closest stoichiometric compound and the highest power factor.3.2.2. Power factor and ZT
Table 2 shows the power factor and ZT of each composite
and its respective depositing potential. The highest power factor
and ZT value were obtained through the compound deposited
E.J.X. Pang et al. / Journal of Solid State Chemistry 193 (2012) 147–153 151at 0.131 V. This was due to its lower electrical resistivity values
compared to other compounds and its moderate Seebeck co-
efﬁcient value. This deposition potential value occurs just at the
end of its reduction peak (Fig. 3), which allows both bismuth and
tellurium enough potential to be reduced hence forming the right
combination of Bi2Te3. Even though the ZT value is low for com-
mercial usage, it possesses good ﬂexibility properties due to its
carbon ﬁbre core. Hence, this allows it to be used in sensors
application where ﬂexibility is needed.3.3. XRD analysis
XRD analyses were conducted to determine the chemical
structure of the deposited ﬁlm. From Fig. 6, the XRD analysis of
the ﬁlm deposited at potential 0.131 V conﬁrms the peak cor-
responds to the formation of stoichiometric Bi2Te3 on the recycled
carbon ﬁbre. The peaks observed at 2Y¼27.67, 37.92 and 41.08
are indexed to be hexagonal crystal Bi2Te3 compound (JCPDS,Table 2
Power factor and ZT of each composite and its respective depositing potential.
Depositing
Potential (V)
Electrical
resistivity (Om)
Seebeck
Coefﬁcient (mV/
k)
Power factor
(W/m K2)
ZTn
0.1 8.33E05 37.76 1.71E05 5.13E04
0.131 7.22E05 48.96 3.32E05 9.96E04
0.2 8.91E05 53.56 3.22E05 9.66E04
0.4 3.30E04 40.66 5.01E06 1.50E04
n ZT values calculated assuming carbon ﬁbre’s thermal conductivity value.
Position [°2Theta] (Copper (Cu))
(0 1 5) (1 0 10)
30 35 40
(1 1 0) 
Fig. 6. XRD pattern for BixTey substrate electrodeposited a15-863) where peaks at 2Y¼27.67 are most intense along the hkl
(015) plane, while the rest shows slightly weaker peaks. Similar
intensity peaks were also found at the deposition potential of
0.1 V, 0.2 V and 0.4 V in Fig. 6. A slight shift in the (0110)
plane in Fig. 6(b) was observed in comparison with Fig. 6(a); this
could be attributed to the increase in tellurium content. Compar-
able ﬁndings were also observed in [29,30]3.4. SEM analysis and EDX
Fig. 7 shows the effects of various deposition potentials on
the ﬁbre’s surface morphology. At a lower deposition potential
0.1 V, a somewhat rough crystal like structure can be observed
with a lower bismuth content compared to the conventional 60%
Te and 40% Bi as shown in Table 3. This could be attributed to the
low deposition voltage causing more reduction of bismuth ions
compare to tellurium ions. EDX analysis shows that the com-
position of ﬁlm prepared at 0.131 V is Bi2Te2.8 (Table 3), which
is the closest composition to the perfect composition of Bi2Te3.
The surface morphology of the Bismuth Telluride deposited
at 0.1 and 0.2 V looks rather similar with rough and uniform
surfaces while at 0.131 V, strand-like surfaces can be seen
clearly. Rough, loose and dendritic growth could be seen for
ﬁlms deposited at a higher deposition potential of 0.4 V. The
tellurium content tends to increase nearer to 60% as the deposi-
tion potential increases from 0.1 to 0.131 V, while it starts to
decline as it approaches 0.4 V. Hence it can be concluded that
the perfect range of obtaining an optimal chemical composition of
Bi2Te3 compound lies between 0.131 V to 0.2 V.Position [°2Theta] (Copper (Cu))
(0 1 5)
30 35 40
(1 0 10) (1 1 0)
t (a) 0.1 V, (b) 0.131 V, (c) 0.2 V and (d) 0.4 V.
Fig. 7. SEM images of the various Bismuth telluride deposited recycled carbon ﬁbres at deposition potential (a) 0.1 V, (b) 0.131 V, ( c) 0.2 V and (d) 0.4 V.
Table 3
Effects of varying electrodeposition potential on the compositions of the BixTey
ﬁlms deposited in a nitric acid solution.
E/V (vs. Ag/AgCl) Bi Te Formula
(at %)
0.1 43.36 56.64 Bi2Te2.6
0.131 41.6 58.4 Bi2Te2.8
0.2 41.9 58.1 Bi2Te2.77
0.4 47.16 52.84 Bi2Te2.24
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As the deposition potential increases in the negative direction,
the bismuth content starts to increase. This is because as the
potential increases towards the negative direction, the tellurium
reduction peak gets further away hence this increases the forma-
tion of bismuth content; while the compound deposited at
0.1 V, according to Martin [31] the Bi3þ reduction potential is
just slightly more negative than the reduction of Bi2Te3 (Eq. (3)).
Hence these result in a higher increase of bismuth deposition at a
lower deposition potential.
The electrical conductivity and Seebeck coefﬁcient ﬂuctuates
with the deposition potential due to the big differences in the
reduction of tellurium and bismuth. At each deposition potential,
a combination of both bismuth and tellurium reduction deter-
mines the carrier concentration which subsequently determines
the compound’s electrical conductivity and Seebeck coefﬁcient.
As the depositing potential get closer to Bi2Te3 reduction potential
(Eq. (3)), it yields a stoichiometric compound and produce better
thermoelectric properties. This was demonstrated in Section 3.2.2,
where the deposition potential of 0.131 V yields the closest stoi-
chiometric compound and the highest power factor. Even though all
of the deposits are bismuth rich (Bi440%), the measured Seebeck
coefﬁcient showed an N-type behaviour. Similar ﬁndings were alsofound in other papers [16,29,32,33]. This could be explained through
[32] whereby it was reported that the existence of a tellurium rich
layer close to the substrate forms a P–N junction with the Bi-rich
(p-type) deposit. With the N-type layer having a large excess of
donors while the p-type layer having a small acceptor count, the
Fermi level of the P–N junction moves towards the negative
potential direction as temperature rises. Hence the resultant P–N
layers caused a negative Seebeck measurement even though the
Hall effect measurement indicates a P-type behaviour.4. Conclusion
Bismuth telluride ﬁlms were successfully synthesised on recycled
carbon ﬁbre using potentiostatic electrodeposition. The ﬁlms had a
range 53–58 at% deposited tellurium which was controlled by the
deposition potential while all the ﬁlms exhibit an N-type semi-
conductor characteristic. The surface morphology of tellurium rich
BixTey ﬁlms were strand-like crystal structure while bismuth rich
BixTey ﬁlms have rough and uniform surfaces. XRD analysis con-
ﬁrmed the formation of Bi2Te3 compound with a high intense peak
along the (015) crystal plane. Cyclic voltammetry analysis shows the
reduction of both bismuth and tellurium occurs within 0.11
V–0.075 V range. The Seebeck coefﬁcient of the bismuth telluride
recycled carbon ﬁbre sheet reached a maximum (54 mV K1) at
the near stoichiometric composition of Bi2Te3, deposited at 0.2 V.Acknowledgments
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